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We demonstrate stimulated Raman gain using a broadband LED Stokes source to            
measure vibrational spectra of aqueous glucose solutions. This versatile and          
cost-effective method increases Raman signal for a variety of applications. We           
measured both stimulated Raman and spontaneous Raman spectra of glucose          
solutions with concentrations up to 10 mM with a photon counter and lock-in             
amplifier. We built partial least squares regression models based on both stimulated            
Raman and spontaneous Raman spectral data measured with each instrument for           
predicting concentrations of the glucose solutions. The stimulated Raman spectra          
measured with the lock-in amplifier based model had the strongest predictive power            
and predicted the concentrations of the test set of glucose solutions with a mean              
squared error value an order of magnitude lower than those of the spontaneous             
Raman based model. 
 
Introduction 
   
Stimulated Raman Scattering (SRS) spectroscopy is a powerful technology 
for high sensitivity quantitative analysis of molecular vibrations. Raman spectra are 
determined by the fundamental vibrational modes of molecules, and therefore are 
highly specific compared spectra generated by other spectroscopic techniques such 
as NIR absorption spectroscopy.​1​ Furthermore, SRS provides a significant signal 
enhancement compared to the relatively weak spontaneous Raman signal, enabling 
detection of molecules in highly dilute solutions and a variety of other high sensitivity 
applications. ​2​ SRS involves two light sources: pump and Stokes. When the 
frequency difference between the pump and Stokes sources corresponds to one of 
the Raman vibrational modes of the molecules in the sample, the molecular 
transition probability greatly increases.​3​ This technique results in intensity gain at the 
Stokes frequency, Stimulated Raman Gain (SRG), and intensity loss at the pump 
frequency, Stimulated Raman Loss (SRL).​4​ Both the SRG and SRL signals can be 
orders of magnitude higher than the spontaneous Raman signal, and either may be 
used for molecular detection or imaging.​5,6 
The increased stimulated Raman signal enables high sensitivity detection and 
high contrast imaging with fast integration times and low laser excitation powers, all 
of which are critical to biomedical applications. Due to the combination of these 
beneficial attributes, SRS microscopy has been used to great effect for imaging 
biological issue in vivo at video-rate speeds.​7​ In recent years, researchers have 
developed a wide variety of powerful SRS-based biomedical technologies including 
three-dimensional spectral imaging of proteins,​8​ in vivo brain tumor imaging,​9​ and a 
handheld in vivo SRS microscope.​10​ SRS also holds several advantages compared 
to Coherent Anti-Stokes Scattering (CARS) spectroscopy, another coherent Raman 
technology often used for sensitive high-speed imaging. While CARS can be 
obscured by non-resonant background and autofluorescence, SRS is unaffected by 
these phenomena.​11,12,13​ Depending on the modulation method used, SRS can reach 
higher levels of sensitivity, limited only by shot noise.​14​ Finally, SRS spectra are 
identical to spontaneous Raman spectra, which enables easier analysis and 
comparison to measured spontaneous Raman spectra in the literature.​15  
One limitation of the standard SRS system is that it can only measure the 
SRG or SRL signal corresponding to a single Raman-active molecular vibration at a 
time: that with a resonant frequency equal to difference between the pump and 
Stokes frequencies. This presents a challenge for applications requiring a broader 
Raman spectrum. Quantitative analysis of complex multi-component samples often 
relies on a specific vibrational mode, separate from the mode of interest, to serve as 
a reference measurement or internal standard. For example, in vivo blood glucose 
level monitoring has been demonstrated via spontaneous Raman spectroscopy with 
the characteristic glucose mode at 1125 cm​-1​ being the vibrational mode of interest 
and the hemoglobin mode at 1549 cm​-1​ serving as the internal standard.​16​ In order to 
perform similar types of full spectrum measurements with the benefit of SRS 
enhanced signal, researchers have developed innovative SRS systems based on 
tunable pump or Stokes sources which scan across the Raman spectrum,​17,18 
tunable optical bandpass filters which filter continuum laser sources down to 
scanning narrowband pump or Stokes beams,​19-21​ and femtosecond broadband 
stimulated Raman spectroscopy (FSRS).​22-24​ FSRS in particular has shown great 
promise for high speed spectroscopic applications such as monitoring chemical 
reactions in real time due to its high SNR, temporal resolution, and bandwidth. To 
further reduce noise generated by jitter between the pump and Stokes beam, an 
FSRS system in which both the narrowband Stokes and continuum pump originate 
from the same titanium-sapphire laser oscillator has been demonstrated.​25​ One 
drawback of FSRS and many SRS systems in general is the high cost and lack of 
portability of major components such as femtosecond lasers. Some spectroscopic 
applications, such as the non-invasive blood monitoring mentioned previously, would 
benefit from the broadband signal enhancement of FSRS, but must also be 
cost-effective and adaptable to suit real-world medical environments. For 
applications in which only a moderate Raman signal enhancement is required, a 
cost-effective broadband SRS solution is highly desirable. 
In this article, we demonstrate a broadband SRS system which uses a 
high-power LED as the continuum Stokes source and a cw laser pump. Due to the 
lower peak power of LEDs compared to pulsed laser sources, this system enhances 
the Raman signal with lower efficiency than the traditional SRS system involving two 
laser sources. However, this prototype system allows for modest SRG of all Raman 
modes over the spectral width of the LED, while reducing cost and complexity. We 
test the capability and limitations of this SRS system by measuring Raman spectra of 
aqueous glucose solutions. We chose to measure glucose solutions as our test 
samples due to the recent interest in developing non-invasive blood glucose 
monitoring.​16,26,27​ In order to take advantage of the full spectrum data and modest 
enhancement, we use the measured spectra to build partial least squares regression 
(PLS) models able to predict the glucose concentration of a solution for its Raman 
spectrum. Even the modest signal enhancement from our SRS system is valuable 
for building predictive statistical models such as PLS because data across the entire 
spectrum contributes to the model, leading to more accurate predictions.​28,29​ We 
build PLS models from both spontaneous and stimulated Raman spectral data and 
compare their predictive power for glucose solution concentration. 
 Experimental Setup 
 
In order to make a fair comparison between broadband stimulated Raman 
with LED Stokes source and standard spontaneous Raman, we built an optical 
system capable of employing either spectroscopic technology without any 
modifications to the optical components. The only difference between the two 
techniques is that stimulated Raman involves two light sources: both the LED and 
laser. Regardless of the spectroscopic method, the optical system directs light to the 
liquid sample, collects and filters the scattered light, and detects the Raman 
scattered light with a photomultiplier tube (Fig. 1). The photomultiplier tube is 
connected to one of two instruments for the final signal measurement: either a 
photon counter or lock-in amplifier, and measurements were taken with both 
instruments for both spontaneous and stimulated Raman for comparison. Optical 
fibers are used to connect some parts of the optical setup to each other in order to 
simplify system optimization as adjustments to one portion of the system do not 
cause cause misalignment in other parts connected via optical fibers. 
For both spontaneous and stimulated Raman spectroscopy, t​he 532 nm pump 
(excitation) laser is split by a 10:90 beam splitter, and the smaller portion is reflected 
towards a photodiode and used as an intensity reference to compensate for laser 
drift. The transmitted portion of the beam is directed through an aperture stop and 
laser line filter to clean up the spatial profile of the beam and attenuate any spectral 
energy apart from the 532 nm laser line. The laser power is 200 mW at the source 
and is about 150 mW upon reaching the samp​le. A longpass dic​hroic beam splitter, 
oriented 45° with respect to the incident beam, is used to reflect the pump beam to 
the sample while permitting the LED Stokes beam to be transmitted through towards 
the same point in the sample. This is possible because the dichroic reflects over 
94% of incident light at or below 532 nm, including the pump beam, and transmits 
over 93% of light above 541.6 nm, which corresponds to most of the Stokes Beam 
so that it may stimulate Raman modes with frequency shift of 333 cm​-1​ or greater. 
The pump and Stokes beams are focused into the volume of the liquid sample by an 
aspheric lens. Scattered light is collected in the forward direction by the a low 
f-number aspheric lens, and the low f-number of 1 and high numerical aperture of 0.5 
ensures high collection efficiency. The collected light is collimated and coupled into 
an optical fiber via coupling lens, further filtered by a dielectric longpass filter, and 
directed into the monochromator. The longpass filter and monochromator both 
attenuate the intense Rayleigh scattered light from the pump beam to prevent stray 
light from affecting the final spectra as much as possible. The entrance and exit slits 
of the monochromator are set at 100 microns to insure enough light passes through 
while maintaining sufficient spectral resolution. The monochromator must be 
adjusted manually to measure the Raman signal at each wavelength. 
 
Figure 1: Stimulated Raman Spectroscopy system diagram. The beams from the 
excitation laser and LED are combined via dichroic beam splitter and focused into 
the sample. Scattered light is ultimately detected by Photomultiplier Tube (PMT) and 
measured using either a photon counter or lock-in amplifier. The optical chopper is 
only used in conjunction with the lock-in amplifier and provides the reference 
frequency. PD = photodiode, BS = beam splitter, MR = mirror, AS = aperture stop, 
LF = line filter, DC = dichroic beam splitter, LN = lens, SA = sample, CL = 
collimating/coupling lens, LP = longpass filter, PL = polarizer, MT = optical fiber 
mount 
 
Light passing through the monochromator is detected by the photomultiplier 
tube (Hamamatsu R4220P) and the signal is measured by either the photon counter 
(Stanford Research Systems SR400) or Lock-in Amplifier (Stanford Research 
Systems SR810). Our photomultiplier tube is optimized for visible light 
measurements, which is one of the reasons we chose to use visible pump and 
Stokes sources. The photomultiplier tube is reverse biased at 1.1 kV, a value chosen 
to optimize sensitivity without introducing excess noise. The photomultiplier tube is 
wrapped in layers of aluminum foil to block out stray light from the room. 
Measurements are taken with the room lights out to further minimize stray light, and 
the room is cooled to about 15 °C, resulting in a low dark current of 0.48 counts per 
second measured by the photon counter. Both the photon counter and lock-in 
amplifier data collection is automated with Labview software. 
For stimulated Raman measurements, the Stokes beam is generated by 
seven high powered LEDs centered at 567 nm. The LEDs are wired together in 
series and soldered to a single aluminum PCB base with a heat sink for temperature 
stabilization. The optical power from the LEDs is about 550 mW and is collected by 
seven ends of a multi-furcated optical fiber connected to a 3D-printed optical fiber 
mount. The high power is necessary for efficient SRS, especially due to the 
significant loss inherent to coupling incoherent light into optical fibers. The Stokes 
beam enters the main portion of the optical system via the multi-furcated optical fiber 
from the direct opposite side of the dichroic from the sample. The beam is collimated 
and vertically polarized to match the polarization of the pump beam for optimal 
stimulated Raman gain. The collimated and polarized beam is transmitted through 
the dichroic and focused into the sample through the same lens as the pump beam 
in order to increase spatial overlap between the focal volumes of the two light 
sources. At the position of the sample, the Stokes beam power is about 10 mW. A 
small portion of the beam is reflected by the dichroic beam splitter towards a 
photodiode and used as an intensity reference. A small portion of the pump beam is 
also transmitted through the dichroic and is filtered out by a longpass filter so the 
photodiode monitors only the Stokes beam. By monitoring a reference intensity for 
both pump and Stokes sources, we found that after turning the light sources on, the 
intensity decreased over the course of several hours by about 5% and 15% 
respectively before stabilizing. To further mitigate the effect of intensity drift, we took 
all measurements a minimum of 24 hours after turning on both light sources. 
The aqueous glucose solutions are contained in transparent cuvettes 
(Eppendorf UVette). The path length through the cuvette is 1 cm, and volume of the 
solutions is 2 mL. The glucose solutions are composed of DI water and 
pharmaceutical grade D-glucose (Sigma Aldrich). The cuvettes are mounted in a 
3D-printed mount to insure precise and consistent positioning between the two 
lenses to minimize any systematic error between different samples due to cuvette 
position. 
 
Stimulated Raman Measurements 
 
When taking stimulated Raman measurements with the photon counter, two 
measurements are required for each data point: a combined signal (​I​com​) in which 
both the pump and Stokes beams are present and the Stokes signal (​I​Stokes​) in which 
the pump is blocked. The Stokes measurements were taken immediately after the 
combined measurement by blocking the pump laser with a manual shutter. The 
Raman gain, defined as the quotient of the combined and Stokes signals, is 
exponentially proportional to the concentration of the Raman-active molecule and the 
pump signal, ​22​ as shown in equation (1), 
(1) 
where ​a​ is a proportionality constant, σ​R​ is the Raman cross section, ​c​ is the 
concentration, and ​z ​ is the focal depth in which the beams spatially overlap. We 
tested our stimulated Raman system on methanol solutions for this relationship 
between pump intensity and Raman gain. We choose methanol for our test solution 
because it has greater Raman response than the glucose solutions and has a 
prominent Raman mode at 565 nm (1062 cm​-1​), which is close to one of the main 
glucose Raman modes at 567 nm (1120 cm​-1​). We increased the pump power from 
200 mW to 1 W and found that the Raman gain increased exponentially with the 
pump power (Fig. 2). 
 
(a)  (b) 
 
Figure 2: (a) Natural logarithm of Raman gain as a function of pump power for 1062 
cm​-1​ mode in methanol. The natural logarithm follows a linear trend with respect to 
pump power with R​2​ value of 0.995, indicating that the variation between Raman 
gain and pump power may be modeled by exponential fit. (b) However, the Raman 
gain itself also follows a linear trend with respect to pump power with R ​2​ value of 
.993, indicating that the Raman gain may appropriately be modeled by its first-order 
expansion in equation (3) at these pump power levels. 
 
However, in most stimulated Raman experiments, including ours, which use 
low to moderate power levels for the pump beam, the gain is relatively small, and 
equation (2) is satisfied 
(2) 
so we can approximate the exponential as its first-order expansion (3). 
(3) 
To make the significance of our results more apparent, we define the difference 
between the combined and Stokes measurements to be the stimulated Raman gain 
signal (Δ​I​SRG​) (4). 
(4) 
Then, substituting equations (3) and (4) into equation (1), we arrive at equation (5): 
(5) 
which simplifies to 
(6) 
showing that the SRG signal is proportional to both the pump and Stokes intensities 
in our small signal approximation. 
All stimulated Raman spectra measured using the photon counter were 
calculated as a difference between the combined and Stokes signals for a particular 
glucose solution sample (Fig. 3) according to equation (4) instead of as the quotient 
in equation (1) in this report. This approximation is made in order to make comparing 
spectra more straightforward as both spontaneous and SRG difference spectra 
share the same units of counts while the Raman Gain quotient is a unitless quantity. 
Furthermore, the measurements taken by the lock-in amplifier are essentially 
difference measurements as the lock-in signal is proportional to the amplitude of the 
component of the input signal varying at the frequency of the optical chopper. 
Although the SRG difference signal is proportional to the Stokes signal which varies 
with frequency shift, this did not significantly affect the predictive power of our partial 
least squares regression models. 
    (a) 
(b)
 
Figure 3: (a) Combined (pump laser and Stokes LED) and Stokes (only Stokes LED) 
signals for 10 mM glucose sample measured with the photon counter. (b) Raw 
Stimulated Raman Gain signal is approximated as the difference between the 
combined and Stokes signals. 
 
In order to build robust numerical models that account for intensity drift of the 
pump laser and Stokes LED throughout the data collection process, intensity 
references were taken for both light sources with photodiodes for each data point. 
Since the stimulated Raman gain is proportional to both the pump and Stokes 
intensity, each stimulated Raman gain measurement was divided by both the pump 
and Stokes reference taken for that point before the spectra were used by the partial 
least squares model. In order to compare these processed normalized Raman 
spectra to the spontaneous Raman spectra, each spontaneous measurement was 
divided by the pump reference for that point and the average of the Stokes 
references for the stimulated measurements since the spontaneous measurements 
do not involve the Stokes LED but must still be divided by an average Stokes 
reference for fair comparison to the normalized stimulated spectra. This 
normalization process improved the predictive power of our partial least squares 
models overall with the normalization to the pump reference being more significant 
than that of the Stokes reference. 
 
Experimental Process 
 
We measured the spontaneous and stimulated Raman spectra of aqueous 
glucose solutions with our optical setup. The solutions were contained in cuvettes 
and glucose concentrations ranged from 10 mM to 0 mM (only DI water). This range 
is useful for study because normal human blood glucose concentration averages at 
about 5.5 mM. Using both the photon counter and lock-in amplifier, we collected both 
spontaneous and stimulated Raman spectra for three separate glucose solutions at 
each concentration level. This would allow us to conveniently divide the data into 
training, validation, and test sets later when analyzing the data. We collected data 
from 540 to 570 nm on our monochromator for each sample, which resulted in 
Raman spectra from 289 to 1262 cm​-1​ (conversion to wavenumbers includes an 
instrument-specific calibration offset). Measurements were taken one data point at a 
time every 0.5 nm from 540 to 570 nm, which accounts for most of the significant 
spectral features of glucose. The integration time for each measurement was 5 
seconds using the photon counter and the time constant for the lock-in amplifier was 
3 seconds. The average dark current of 2.4 counts per 5 seconds was subtracted 
from each photon counter measurement.  
 
Results 
 
The glucose solution spectra measured via spontaneous and stimulated 
Raman spectroscopy methods show similar spectral features corresponding to 
aqueous glucose Raman modes investigated in the literature.​30,31​ Due to using a 
monochromator and taking one data point rather than a full spectrum at a time, our 
spectra have relatively low resolution, but be can identify groups of Raman modes 
that likely correspond to a particular spectral feature. The spectral feature around 
1092-1139 cm​-1​ likely corresponds to the COH bending mode characteristic of 
glucose, that between 853-918 cm​-1​ is the combination of C-H and C-C bending and 
stretching modes of both alpha and beta glucose anomers, that around 675-724 cm​-1 
is composed of deformations in the ring, and the large group of features between 
424-575 cm​-1​ is likely the combination of C-C-O deformation modes and endocyclic 
vibrational modes of the ring. The normalized Raman intensity is generally higher for 
the stimulated Raman measurements compared to the spontaneous Raman 
measurements throughout the spectra for both measurements taken with the photon 
counter and with the lock-in amplifier (Fig. 4). This suggests that the the pump laser 
is interacting with the Stokes LED and causing stimulated Raman gain in the glucose 
solutions. It is likely that our stimulated data are result of both the spontaneous and 
stimulated Raman effects scattering light simultaneously, but here we are concerned 
only with the total signal measured using both the pump and Stokes LED and not 
what portion of this signal is generated by the stimulated Raman effect. 
 
 
 
 
     (a) 
(b)  
    
Figure 4: Comparison of stimulated and spontaneous Raman spectra of a 10 mM 
glucose solution measured with (a) photon counter and (b) lock-in amplifier. The 
enhancement between stimulated and spontaneous spectra is greater with the 
photon counter spectra, but the stimulated photon counter spectra also has 
significantly higher noise. 
 
The relative intensity increase between stimulated and spontaneous Raman 
was greater for for the measurements taken with the photon counter than those 
taken with the lock-in amplifier. For the photon counter, the stimulated 
measurements were 1.5-3 times higher than the spontaneous measurements across 
the spectra for a given glucose solution. However, this enhancement factor was not 
strongly correlated with the Raman modes, so the relative increase between 
stimulated and spontaneous measurements was similar for both Raman-active and 
non-Raman-active regions of the spectra. In contract, the stimulated measurements 
taken with the lock-in amplifier were 1.05-1.3 times only higher than the spontaneous 
measurements, but this enhancement factor was strongly correlated with the Raman 
modes. The enhancement factor was 1.2-1.3 around the Raman-active regions while 
only 1.05-1.15 for the non-Raman-active regions. The relative difference between 
the intensity of Raman peaks and the non-Raman-active background is generally 
more critical than absolute intensity for numerical analysis, so the stimulated lock-in 
measurements are at an advantage here. 
Another weakness of our photon counter stimulated Raman measurements is 
noise. Across all spectra, the average coefficient of variation, a measure of relative 
noise and defined as the quotient of the standard deviation and mean, is 16% for 
photon counter stimulated, 0.38% for photon counter spontaneous, 0.29% for lock-in 
stimulated, and 0.31% for lock-in spontaneous measurements. The photon counter 
stimulated Raman measurement noise is almost 2 orders of magnitude higher than 
all other measurement techniques, which can be confirmed qualitatively by the 
noiser photon counter stimulated Raman spectra (Fig. 5). While the lock-in amplifier 
did reduce the noise slightly from 0.38% to 0.31% for the spontaneous 
measurements, it is clearly most useful in reducing the stimulated measurement 
noise from 16% to 0.29%. While monitoring the reference intensities of both the 
pump laser and Stokes LED compensated for intensity drift to some extent, the 
Stokes signal alone measured by the photon counter was almost 2 orders of 
magnitude across the spectrum, so any fluctuations in the LED would have a 
relatively large effect on the stimulated Raman signal. Overall, the additional noise 
introduced by the LED is a greater detriment to the stimulated photon counter data 
than any signal enhancement for numerical analysis. 
(a)     (b) 
 
(c)    (d) 
 
Figure 5: (a) Photon counter spontaneous, (b) photon counter stimulated, (c) lock-in 
spontaneous, (d) lock-in stimulated Raman spectra of glucose solutions with 
concentrations from 0-10 mM. Both sets of photon counter spectra are normalized to 
the highest point of the photon counter stimulated data, and both sets of lock-in 
spectra are similarly normalized to the highest point of the lock-in stimulated data. 
Differentiation between the glucose solutions of different concentration can be seen 
for all measurement techniques. The relative Raman intensity is generally higher for 
the stimulated spectra compared to the respective spontaneous spectra, but the 
enhancement factor between stimulated and spontaneous measurements is higher 
for the photon counter measurements overall. The photon counter stimulated spectra 
are significantly noisier than the other spectra. The stimulated lock-in spectra show 
slightly narrower spectral features than the corresponding spontaneous spectra, and 
Raman modes can be resolved to a slightly higher degree in the 424-575 cm​-1 
region. 
 
Both spontaneous and stimulated Raman spectra of glucose solutions 
measured with either the photon counter or lock-in amplifier show a significant 
difference in Raman intensity between the varying glucose solutions (0, 2, 4, 6, 8,10 
mM), especially at the group of Raman features between 424-575 cm​-1​ (Fig. 5). This 
enables any of the four sets of data to be used as a training set for a statistical 
model, such as partial least squares, which would predict the glucose concentration 
of an unknown solution given its Raman spectrum. However, the stimulated Raman 
spectra measured with the lock-in amplifier is the best set of data for building the 
predictive model because of its enhanced signal and low noise. Compared to the 
spontaneous lock-in spectra, the stimulated lock-in spectra are slightly enhanced, 
with the regions immediately surrounding Raman modes showing the greatest signal 
increase. The enhancement specifically at the glucose Raman modes creates 
greater differentiation between spectra of different glucose solutions at the regions 
most strongly correlated with glucose concentration. Although the stimulated photon 
counter spectra show even greater overall enhancement than the stimulated lock-in 
spectra, the enhancement factor is less correlated with Raman modes, and more 
importantly, these spectra have significantly greater noise, making them a weaker 
data set for building a predictive model. 
 
Partial Least Squares Analysis 
 
The partial least squares (PLS) regression is a simple statistical model which 
can be used for predicting concentrations based on spectral data. In this study, we 
use PLS to test and compare the predictive power of our spontaneous and 
stimulated Raman spectral data for predicting concentrations of glucose solutions. 
We programmed our PLS model in Python using the scikit-learn package [32]. We 
analyzed our Raman data over the full collected spectral range of 289-1262 cm​-1​, 
and two smaller portions of the spectrum: 458-625 cm-1 and 642-1129 cm-1. Since 
we measured three separate glucose solutions for each concentration value, the first 
set of measurements for all concentrations 0-10 mM was the training set, the second 
was the validation set, and the third was the test set. In order to find the optimal 
number of PLS components for the model, we trained and validated our the model 
using a progressively higher number of PLS components until the mean squared 
error of the prediction increased, signifying overfitting. Therefore, the previous 
number of components was optimal. The optimal number of components for the PLS 
model based on photon counter stimulated spectra was 2 for each spectral range, 
likely due the greater noise of these spectra. The number of components for the PLS 
model based on photon counter spontaneous spectra was 3 or 4 depending on 
spectral range, and that for the lock-in spontaneous and stimulated spectra was 4 or 
5 depending on spectral range. Generally, the greater number of components the 
PLS model can use without overfitting, the stronger the predictive power of the 
model. Then, the trained and validated model predicted the glucose concentrations 
based on the test data set, and these predictions were compared to the actual 
glucose concentration values (Fig. 6). The mean squared error between the 
predicted and actual glucose concentration measured the predictive power of each 
model (Table 1), with lower error signifying higher predictive power of the model. 
 
(a)     (b) 
 
(c)     (d) 
 
Figure 6: PLS model predicted glucose concentration with respect to actual 
concentration using the full spectrum of data from each of the four measurement 
methods: (a) Photon counter spontaneous (R​2​ = 0.9995), (b) photon counter 
stimulated (R​2​ = 0.987), (c) lock-in spontaneous (R​2​ = 0.9998), (d) lock-in stimulated 
(R​2​ = 0.9998). The greater the strength of the linear regression fit, the lower the 
mean squared error, and the stronger the predictive power of the PLS model. 
 
Photon Counter
 
Lock-in Amplifier 
 
Table 1: Mean squared error between predicted and actual glucose concentrations 
for each measurement method over three different spectral ranges. Lower mean 
squared error values indicate stronger predictive power of the model, so the PLS 
model based on lock-in stimulated data was consistently the strongest predictive 
model. 
 
The mean squared error between predicted and actual glucose 
concentrations for the PLS model based on the full spectral range of lock-in 
stimulated Raman data is as low as 9.96x10​-4​ mM, which is the lowest mean squared 
error from any of the models based on data from any of the measurements methods. 
The mean squared error values from the lock-in stimulated Raman data are about an 
order of magnitude smaller than those from either of the spontaneous Raman data 
and over 2 orders of magnitude smaller than the mean squared error values from the 
photon counter stimulated Raman data. When using the lock-in amplifier to reduce 
error from the Stokes LED, the PLS models based on stimulated Raman data are 
consistently the strongest glucose concentration predicting models. Interestingly, the 
lock-in stimulated data is only slightly increased compared to the spontaneous data, 
but the PLS model based on stimulated data is significantly stronger, likely due in 
part to the slightly narrower Raman modes of the stimulated spectra. The stimulated 
model’s higher R-squared value of the linear regression between predicted and 
actual concentration further corroborate this result. Furthermore, when the training, 
validation, and test sets are switched around; for example, the second set is training, 
third is validation, and first is test; the results are similar, showing that the lock-in 
stimulated model is robust and consistent. 
 
Discussion 
 
This study demonstrates the viability broadband stimulated Raman with an 
LED Stokes source and shows the stronger predictive power of a PLS model based 
on this stimulated Raman data compared to spontaneous Raman when using a 
lock-in amplifier to reduce noise. With further developments, this technology may be 
useful for improved cost-effective spectroscopic molecular identification and 
concentration prediction in a variety of fields. Prediction of glucose concentration has 
particularly useful biomedical applications in non-invasive blood glucose level 
monitoring. However, it is important to note that this technology has several 
limitations, and the enhancement of Raman modes achieved by stimulated Raman 
gain this way is relatively small compared to traditional SRS, broadband FSRS, and 
other enhancement technologies, such as SERS. While broadband LED stimulated 
Raman is intended to be a cost-effective solution and does not necessarily need to 
match these powerful Raman enhancement technologies, our experiment 
demonstrates stimulated Raman having only a small enhancement over 
spontaneous Raman spectroscopy, so further improvements are necessary to be 
truly useful. 
The detection system, specifically the monochromator and photomultiplier 
tube, could be improved to make taking spectral measurements more practical while 
removing sources of signal loss. We decided to use the photomultiplier because of 
its high sensitivity and dynamic range. This was necessary because the unfiltered 
light from the Stokes LED would saturate a detector with lower dynamic range, and 
we needed to detect the relatively small stimulated Raman signal on top of the LED 
signal. Due to using a photomultiplier tube, a monochromator was necessary to 
isolate a single wavelength, so measuring a full spectrum was accomplished one 
point at a time. This made taking measurements a time intensive process, which 
from a practical standpoint, offset the benefit of stimulated Raman gain. 
Furthermore, our signal experienced significant loss through the monochromator. 
Replacing the monochromator and photomultiplier with a high dynamic range 
spectrometer would dramatically speed up the measurement process and potentially 
increase overall signal to noise ratio. 
The LED introduces several challenges to the Raman system. As an 
incoherent light source, the LED light diffracts quickly, and loses a significant amount 
of signal when coupled into the multi-furcated fiber. This results in a Stokes source 
orders of magnitude lower in intensity than the pump at the sample, which leads to 
low stimulated Raman gain. The LED also adds noise though fluctuations and 
intensity drift, which may counteract the benefit of creating stimulated Raman. Since 
the intensity of the Stokes LED is almost 2 orders of magnitude higher than that of 
the stimulated Raman signal, even the Poisson noise of the LED is significant 
relative of the stimulated signal. This effect of noise from both the LED and laser was 
greatly mitigated by using an optical chopper to modulate the pump beam and 
detecting the stimulated Raman gain signal with a lock-in amplifier synchronized to 
the modulation of the pump. However, using a lock-in amplifier adds a significant 
cost to the system, especially if a multi-channel lock-in amplifier would be used to 
measure a full spectrum all at once. Given cost-effectiveness is one of the main 
goals of this LED-based stimulated Raman system, the high cost of multi-channel 
lock-in amplifiers is currently a significant barrier to the practical application of this 
technology, but the development of cost-effective digital lock-in amplifiers is an 
active area of research. ​33,34​ It may also be possible to use the relatively noisy data 
collected without the lock-in amplifier, using a photon counter in our case or 
potentially a spectrometer, if the statistical models used were more robust to noise 
than our partial least squares model. This could be done, in part, by designing a 
model that penalizes overfitting. 
We designed our stimulated Raman system for monitoring glucose 
concentrations rather than imaging, but broadband LED stimulated Raman also has 
potential imaging applications. However, aberrations of the LED light would have to 
be considered, and the imaging resolution would be limited by LED spot size, which 
is slightly larger than the laser spot size in our setup. Biomedical imaging would 
require further modifications including lowering the laser power to prevent burning of 
biological tissue and using NIR wavelengths instead of visible for greater depth of 
penetration. 
 
Supplementary Experiment 
 
Temperature changes in the glucose solution sample could potentially alter 
the Raman spectra, so we conducted a series of experiments to test whether or not 
the long exposure of the focused laser and LED beams had any effect on the 
resulting Raman measurements, either spontaneous or stimulated. Using the 10 mM 
glucose sample and the same integration time of 10 seconds as in the other 
experiments, we first continuously measured the spontaneous Raman intensity at a 
single frequency shift value for 10 minutes, for a total of 120 individual 
measurements. Then, we measured the stimulated Raman intensity for 10 minutes 
at the same frequency shift value by subtracting the alternating combined and 
Stokes measurements as usual. Given each stimulated Raman measurement is the 
difference of two consecutive measurements, this resulted in 60 stimulated Raman 
measurements total. This process was performed at 592, 886, 1124, 2101, and 3400 
cm​-1​. The Raman modes at 592 and 1124 cm​-1​ are two of the most prominent in the 
spectra we collected, with that at 592 cm​-1​ being the global maximum and that at 
1124 cm​-1​ being the mode which experienced the greatest increase between 
stimulated Raman and spontaneous Raman. We decided to also take 
measurements at 886 and 2101 cm​-1​ in order to test if there was a temperature effect 
on the baseline or off-peak regions, and the highest point of the strong group of 
water modes, 3400 cm​-1​, was chosen to see if the spectral features related to water 
would change. Since we were testing the possibility of the laser heating the samples 
and effecting the Raman measurements, there was a 10 minute gap between rounds 
of measurements so the sample could cool if needed. Three rounds of 
measurements were taken at each of the five frequency shift values. 
Our experiments showed no significant time-dependent Raman intensity 
change in any of the tests, suggesting that whatever heating effect the beams may 
have had on the samples was not significant enough to alter the Raman spectra. 
This is important because it rules out heating as a potential systematic source of 
error for our spectral measurements and allows us to make fair comparisons 
between our spontaneous and stimulated Raman measurements. 
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